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HEAT TRANSFER IN AMMONIA CONDENSERS 
PART Th 


I. INTRODUCTION 

1. Preliminary Statement.—This bulletin constitutes a report of 
the progress made in the investigation of the heat transfer in various 
types of ammonia condensers since the publication of Engineering 
_ Experiment Station Bulletins Nos. 171 and 186. The former dealt 
with the performance of three types of ammonia condensers, namely, 
the atmospheric-bleeder, the double-pipe, and the vertical shell-and- 
tube; the latter with results obtained when certain changes were made 
in the design and operation of the vertical shell-and-tube condenser 
and with results from a study of the heat transfer in a double-tube 
superheat remover. The present bulletin presents results from a 
study of the performance of a horizontal shell-and-tube condenser, 
sometimes designated as the multitube-multipass type, over a wide 
range of operating conditions, and with certain variations in the ar- 

rangement of surfaces. 


2. Objects of Investigation.—The objects of this investigation may 
be stated briefly as follows: 

(1) To determine the coefficient of heat transfer and performance 
characteristics of the condenser with the water passing in parallel 
through the two shells and with various rates of flow and initial 
temperatures for the water. 

(2) To determine the effect of the pressure of the ammonia in the 
condenser on the coefficient of heat transfer and the performance 
characteristics of the condenser. 

(3) To determine the performance characteristics when the con- 
denser was operated with one shell alone, and also with the water 
passing in series through the two shells instead of in parallel. 

(4) To determine the rate of scale formation, or fouling of the 
tubes, and the effect of such fouling action on the coefficient of heat 


transfer for the condenser. 


3. Acknowledgments.—This investigation has been part of the 
work of the Engineering Experiment Station of the University of 
Illinois, of which Dean M. 8. Kercuum is the director, and of the 
Department of Mechanical Engineering of which Pror. A. C. 
Wiuuarp is the head. 
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IJ. DerscripTION oF APPARATUS 


4, Condenser.—The condenser used for these tests was of the 
multitube-multipass type, as shown in Fig. 1, and consisted of two | 
shells, each shell containing seven tubes 12.82 ft. long. The tubes 
were made of charcoal iron, and each tube had an outside diameter of 
2.00 in. and an inside diameter of 1.81 in. The condenser had a total 
of 93.8 sq. ft. of condensing surface. The tubes were arranged in the |} 
shell so that the water passed through the seven tubes in series, the | 
ends of the tubes being connected by return bends integral with the | 
condenser heads. The two shells were connected in parallel, and equal | 
amounts of water passed through the tubes in each shell. Each shell | | 
was lagged with 2 inches of magnesia block insulation. The superheat 
was removed from the ammonia gas in a separate superheat remover 


and the ammonia entered the condenser in a practically dry saturated 
condition. 


5. Testing Apparatus.—The amount of ammonia condensed was 
weighed in two drums placed on scales. The connecting piping had 
sufficient flexibility so that the scales were sensitive to a change of 
0.1 lb. in the weight on the scale platforms. The cooling water was 
weighed in tanks on platform scales. This apparatus, together with 
the plant and the thermocouple system used for obtaining temper- 
atures, has been described in detail in Bulletin No. 171. 

All temperatures were obtained by means of copper-constantan 
thermocouples of No. 22 B.&S. gage wire. The temperature of the 
ammonia vapor was observed at ten points in each shell, and of the 
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water at the points of entry at each tube in the shell and at the point 
of exit for the last tube. The thermocouples in the ammonia vapor 
were protected by encasing them in nickel p ated copper tubing, and 
those in the water were placed inside of glass tubes filled with oil. 
In all cases a depth of immersion sufficient to eliminate the effect of 
conduction along the thermocouple leads was employed. 


III. Merruop or ProcepurE 


6. General Method for Conducting Tests.—The general method for 
conducting tests and controlling conditions has been fully described 
in Bulletin No. 171. 


7. Test Conditions for the Various Series.—The different series of 
tests were each designated by a letter. For the F series the ammonia 
liquefaction pressure was maintained at 145 lb. per sq. in. gage and 
tests were run for six different rates of condensation varying from 
approximately 2.8 to 7.0 lb. of ammonia condensed per minute, 
and corresponding to condenser tonnages of from 5.68 to 17.24. For 
each rate of condensation six different water rates were used for the 
cooling water, varying from 85 to 350 lb. per min. In all cases both 
shells of the condenser were used and the water passed through the 
two shells in parallel. 

All tests were run with commercially clean tubes except test XF 
for which the tubes were purposely allowed to become fouled. Con- 
siderable difficulty was experienced from the tubes becoming fouled 
with a very soft scale-like deposit and it was necessary to clean them 
after approximately 6 hours of running. The temperature difference 
between the ammonia and the water was closely observed, however, 
and testing was discontinued at the first evidence of fouling. 

The G and H series were run under the same conditions as the F 
series except that for the G series the condenser pressure was main- 
tained at 172 lb. per sq. in. gage, and for the H series at 122 lb. per 
sq. in. gage. For the G series three and for the H series four different 
rates of condensation were used. 

For the I series only one shell of the condenser was effective, the 
second shell being completely removed from service. The tests were 
run under the same conditions as for the F series, with the pressure 
maintained at 145 lb. per sq. in. gage. Three different rates of con- 
densation were used, and the water rate was varied from 120 to 
375 lb. per min. 
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In the case of the J series the condenser was re-piped so that the |» 
water passed first through one shell and then through the second shell . 
in series. All tests were run with a condenser pressure of 145 lb. per | — 
sq. in. gage, and three rates of condensation were used. The water} 
rates were varied as in the cases for the other series. . 

The GX series was run for the purpose of determining the rate of | — 
scale formation. For these tests the condenser was operated con- |, 
tinuously over a long period of time at a constant rate of condensation |» 
and a constant water rate, and observations were made at approxi- | 
mately one-hour intervals of the mean temperature difference be- 
tween the ammonia vapor and the water. The increase in this tem- I 


perature difference was an indication of the rate at which fouling |~ 


occurred. A rate of condensation of approximately 4.7 lb. of am- | 


monia per min. was used for both tests in the series. A water rate of |) 


209 Ib. per min. was used for one test and of 331 lb. per min. for |) 
the other. | 


8. Method of Calculation.—The formulas for computing the tests le: 
were developed in Bulletin No. 171. i 
The condenser tonnage was computed from the formula 


a N(i” en 1’) 


4 200 


and the coefficient of heat transfer from the formula 


i 60N(i" — 7’) 
ae A 6in 


in which T = condenser tonnage 


N = ammonia condensed, lb. per min. 7 
t” = heat content of dry saturated ammonia vapor at the | 


temperature of liquefaction in the condenser, B.t.u. | 


per lb. 
’ = heat content of the liquid at the temperature of the | 
liquid leaving the condenser, B.t.u. per lb. | 
K = average coefficient of heat transfer, or the B.t.u. trans- _ 
mitted per sq. ft. per hr. per deg. difference in tem- 
perature. 
A = effective condensing surface, sq. ft. 
§,. = mean temperature difference between the ammonia 
and the cooling water, deg. F. 


HEAT TRANSFER IN AMMONIA CONDENSERS 9 


eam 
%) 


“AMC 1? WEF. - 
% 


S 


XN 


X 


Ware (E20 Ati. 177? ACF. 


S 


VUT Al 


WuE Wa Witte Woarer 727, 
S 


Littere7ce Berwea? Arana Satiratior JA, 


80 120 160 £00 £40 £80 320 360 
Conae7ser Warer It? 10. OE 171172. 
Fig. 2. Init1AL WateR TEMPERATURE FOR DIFFERENT TONNAGES AND WATER RATES 
IN F Series or HorizontaL SHELL-AND-[TUBE CONDENSER TESTS 


In the case of these tests the value of @,, was computed by averaging 
the temperatures determined from the readings of the thermocouples 
in the ammonia, and also those from the readings of the thermo- 
couples in the water, and taking the difference between the two 
averages, since this method gave consistent results. 


IV. ReEsvuuts or Tests 


9. General.—The principal results from all tests are given in 
Table 1. Each test has been assigned a letter representing the series 
to which it belongs, and a number representing the serial number of 
the test itself with respect to the series. The conditions which were 
established for the different series are discussed in Section 7. 


10. Total Effective Cooling Water and Total Condenser Tonnage.— 
The relations between the initial temperature of the cooling water, 
the total weight of the cooling water circulated and the total con- 
denser tonnage are shown in the curves of Figs. 2 to 4. These curves 
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form the basis for the derivation of the performance charts in Section 
15 as well as for all of the subsequent curves by means of which com- | 
parisons are made in regard to unit quantities, and afford a means of 
comparing total performances of the condenser with different amounts 
and arrangements of the condensing surface, and under different con- 
ditions of operation. The points on the curves represent the data as | 
computed from the individual tests, and have been plotted against | 
primary scales of ordinates consisting of the differences between the 
observed ammonia saturation temperatures and the observed initial _ 
temperatures of the cooling water, in order to eliminate the effect of | 
the small deviations occurring in the separate tests from the lique- | 
faction pressures of 145, 172, or 122 lb. per sq. in. gage predetermined _ 
for the respective series. The secondary scales designated as initial 
water temperatures were obtained by subtracting the ‘differences 
shown on the primary scales from the fixed values of 81.7, 92, or | 
73.8 deg. F., or the saturation temperatures corresponding to the | 
liquefaction pressures of 145, 172, and 122 lb. per sq. in. gage, respec- 
tively. The scale of initial water temperatures on each group of | 
curves, therefore, represents the initial water temperature corrected 
to a common ammonia saturation temperature for that particular 
group. Since these corrections were always small, the curves may be | 
regarded as representative of the actual conditions under which the 
tests were run. 


ll. Effect of Liquefaction Pressure on Condenser Tonnage.—The 
curves in Fig. 5 have been derived from those in Figs. 2 to 4 for a 
common initial water temperature of 68 deg. F., in order to compare 
the condenser tonnages developed under different operating condi- | 
tions. The effect of liquefaction pressure may be observed by com- 
paring the curves for the F, G, and H series. In these three series the 
water passed through the two shells of the condenser in parallel, and 
the F series, which may be regarded as the basic series, was run with a 
liquefaction pressure, or condenser pressure, of 145 Ib. per sq. in. gage. 
This pressure was 172 lb. per sq. in. gage for the G series and 122 lb. 
per sq. in. for the H series. It may be noted that for a given water 
temperature and given weight of cooling water per min. the total 
tonnage developed increased materially as the liquefaction pressure 
was increased. The curve in Fig. 6, which was derived from Fig. 5 
for a constant water rate of 150 lb. per min., indicates that the in- 
crease in total tonnage was directly proportional to the increase in 
liquefaction pressure. Since the initial water temperature of 68 deg. 
F’. was selected, the tonnage developed would necessarily be zero at a 
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liquefaction pressure of 109.5 lb. per sq. in. gage, corresponding to an 
ammonia saturation temperature of 68 deg. F. 

The increase in total tonnage with an increase in liquefaction pres- 
sure, at a given initial water temperature and a given water rate, 
results from the fact that the tonnage developed is a function of the 
mean temperature difference between the ammonia vapor and the 
water, and as the saturation temperature corresponding to the lique- 
faction pressure is increased the mean temperature difference is also 
increased. Hence, it is obvious that if a condenser is small, or if the 
temperature of the available cooling water is high, the capacity 
may be increased by operating at a higher head pressure. This, of 
course, would involve more work done in compression, and might 
involve certain adaptations in the compressor itself. The actual total 
capacity, or rating, of a condenser is governed by the amount of effec- 
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tive condensing surface, the limiting condenser pressure, the temper- 
ature of the water available, and the amount of water circulated. 
The curves in Figs. 5 and 6 indicate that for a given initial water 
temperature and water rate the ammonia saturation temperature 
determines the mean temperature difference, or temperature head, 
and consequently the total capacity of the condenser, but give no 
indication as to whether the rate of condensation or rate of heat trans- 
fer is influenced by the saturation temperature itself, apart from its 
influence as a factor determining the temperature head. The curve 
in Fig. 7 was therefore plotted, giving the relation between both 
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water rate and condenser tonnage for a common temperature head, 
or difference in temperature between ammonia saturation temper- 
ature and initial water temperature, of 10.5 deg. F. for the three 
series. The distribution of points for the three series indicates that, 
for a given temperature head, the liquefaction pressure had no mate- 
rial influence on the condenser tonnage developed for a given water 
rate in pounds per minute. The curve further indicates that, over 
the range of the tests, for a given temperature head, the increase in 
tonnage developed was directly proportional to the increase in the 
pounds of cooling water used per minute. 


12. Effect of Changes in Condensing Surface on Condenser Ton- 
nage.—The effect of changing the arrangement and amount of con- 
densing surface may be observed by comparing the curves for the F, 
I, and J series in Fig. 5. For these three series the liquefaction pres- 
sure was maintained at 145 lb. per sq. in. gage. For the F series both 
shells of the condenser having a total condensing surface of 93.8 sq. ft. 
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were used, and the water passed through the two shells in parallel. 
For the J series the water was passed through the two shells in series, 
and the total condensing surface was still 93.8 sq. ft. For the I series | 
but one shell was used, and the condensing surface was 46.9 sq. ft. 

From the curves in Fig. 5 it may be noted that, for a given initial — 
water temperature, and with a given weight of cooling water per 
minute, a greater tonnage was developed by the J series than by the 
F series. When the water was passed through the two shells in series 
the effect was to double the velocity of the water through the tubes — 
for a given weight of water used per minute, as compared with the 
velocity obtained when the two shells were used in parallel. While 
both the change in arrangement and the change in water velocity — 
were accompanied by readjustments in the rate of heat transfer, as 
explained in Section 13, the effect of increased water velocity pre- 
dominated, and the net result was an increase in total tonnage 
developed. 

When one shell alone was used, the velocity of the water passing 
through the tubes was also doubled as compared with the velocity 
obtained when the same weight of water per minute was passed 
through the two shells in parallel. The curve for the I series, shown in 
Fig. 5, indicates that up to a limit of approximately 10 tons the 
increased rate of heat transfer resulting from the greatly increased 
water velocity was more than sufficient to offset the effect of the 
reduced amount of surface and the tonnage developed probably was, 
if anything, slightly greater than that developed by the F series. 
Above this limit, the reduction in condensing surface more than offset 
the effect of increased water velocity, and resulted in a rapid reduc- 
tion in capacity as compared with the capacity developed by the F 
series. The curve for the I series does not belong to the same family 
of curves as those for the other series, and indicates that with only one 
shell in operation the condenser became overloaded at rates above 
10 tons. With both shells in operation no overloading became appar- 
ent over the range of tests run. : 


13. Coefficients of Heat Transfer.—The effects of both water ve- 
locity and arrangement of condensing surfaces on the coefficients of 
heat transfer are shown in Fig. 8. The rate of heat transfer increased 
rapidly as the mean velocity of the water passing through the tubes 
was increased. 

The arrangement of condensing surface was essentially the same 
for the F, G, H, and I series. The length of water travel with respect 
to the condensing surface was the same in the case of the I series, 
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where only one shell was used, as it was in the cases of the F, G, and 
H series, where the two shells were used in parallel, since the two 
shells were duplicates. Furthermore, in the latter case, the initial 
water temperature was the same for each shell. In order to obtain 
the same water velocity in each shell in the parallel arrangement, the 
total weight of water used for the condenser as a whole would have to 
be twice that used for a single shell. Under these conditions, the two 
shells would act as two separate and distinct condensers, and the 
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capacity of the condenser as a whole would be twice the capacity 
developed by a single shell. Hence it is evident that, when compared 
on the basis of the same water velocity, the single and double shell 
condensers would exhibit the same characteristics in regard to the 
rate of heat transfer, and the points representing the coefficients of 
heat transfer would all fall on the same curve, as shown for the F, G, 
H, and I series in Fig.-8. 

The arrangement of condensing surface for the J series, in which 
the two shells were used in series, was fundamentally different from 
that used in the F, G, H, and I series in that the length of water travel 
with respect to the condensing surface was twice as great. With the 
same initial water temperature and the same water velocity a differ-_ 
ence in the mean temperature difference between the ammonia vapor 
and the water, and accordingly in the heat transfer characteristics, 
would be expected in the two cases. Figure 8 indicates that under 
these conditions the greater length of water travel resulted in a greater 
mean temperature difference, and consequently in smaller values for 
the mean coefficients of heat transfer, as shown by the curve for the 
J series. It is further indicated that the most effective arrangement 
of condensing surface is one in which the water travel is compara- 
tively short, and which offers a large area for the action of the coldest 
water near the point of entry. 

The curves in Fig. 9 afford a comparison of the coefficients of heat 
transfer on the basis of water circulated per minute per square foot 
of surface. For a given volume of cooling water circulated per minute 
per square foot the water velocity would be the same for the single 
shell and for the two shells arranged in parallel. Hence the results 
for the F, G, H, and I series are again all represented by the same. 
curve. 

In the case of the J series, in which the two shells were used in 
series, a given volume of water circulated per minute per square foot 
represents twice the water velocity obtained when the same volume 
of water was circulated per minute per square foot in the parallel or 
single shell arrangements used for the F, G, H, and I series. Hence, 
while the effect of the arrangement of surfaces alone was such as to 
reduce the coefficient of heat transfer as shown in Fig. 8, the increase 
resulting from increased water velocity for a given volume of water 
circulated per minute per square foot was more than enough to offset 
the reduction due to arrangement of surface alone, and the net result, 
as shown in Fig. 9, was to materially increase the values of the co- 
efficients of heat transfer for the J series as compared with those for 
the F, G, H, and I series for the same unit volume of water circulated. 
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The curves in Fig. 9 serve also further to explain the apparently 
anomalous curve for the I series in Fig. 5, since for a given total weight 
of water circulated per minute the unit volume circulated per minute 
per square foot becomes comparable with that represented by the J 
series in Fig. 9, and the coefficient of heat transfer would be nearly the 
same as that shown for the J series in this figure. Hence, up to the 
limit at which the smaller amount of surface represented by the I 
series in Fig. 5 became overloaded it is probable that the capacity 
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developed by the single shell would be nearly as great as that devel- 
oped by the two shells in series. 


14. Pressure Loss Through Condenser Tubes.—The curves for total 
friction pressure loss, loss through the return bends, and through the 
tubes alone, are shown in Fig. 10. These data were obtained for a 
water temperature of 60 deg. F. by means of mercury manometers 
placed at the entrance and exit of one shell of the condenser. 

The friction pressure loss through the straight tubes alone under 
various conditions of water velocity and temperature may readily be 
calculated by making use of the Reynolds’ number, as outlined in 
Bulletin No. 182.* By subtracting this calculated loss from the total 
measured friction pressure loss, shown by the upper curve in Fig. 10, 
an approximation of the loss resulting from entry conditions, return 
bends, and changes in cross-sectional area may be obtained. Both the 
loss through the tube alone and the loss in the return bends, etc., 
are shown in Fig. 10, and it may be noted that the loss through the 
return bends forms a relatively large proportion of the total friction 
loss. 

"_ *"Blow of Brine in Pipes,” Univ. of Ill. Eng. Exp. Sta. Bul. No. 182, 1928. 


sae a Ar at of 


N 


Pen or? ve BBE Siar he 


8 


| 8 
Le AA Rete ys ier 272) 
8 eee 

N Ny r 


AY) 
\ 
8 
Y Ms MOD Lied Ls JOO > 
© 
& 


(7S- 


100 


TN ATER TET 
HSE PATER NUE TECH Perr 
SSEMHEASUERIANG AAT er 
SNIRATACURASUULATOWORET TOE 
HEATH NEE 
| bee Sa \ y sll Is 
PRAAARSCERERTAASUIRNANU OAL OLOLED uu 
CATT NETS 7, 
NTA NSEC 
SSUES SSRISEENCCTT TTT s 
NST Ne ETN 
RENN AA HR 
TRH 
AHH 
A 
AUT § 
\UKUn 
\\ nt 
Sg ca 
| ee \\ 
CCPC STENT NNN 
aR 
IN N NN 
COTTE TTTPNTRUENN 
PCAC PISANI 
LLLTeeT eee eee EEA 
BERNEOTORERHEENATENRANEREYECEOBEEERS GAN! 


a 


(20 


Fic. 11. PerrorMance CuHart FOR F Series or HorizontaL SHELL-AND-TuBE CoNpENSER Trsts 


| Hast 


saa 


lil 


74300 
225 


Punte: yaa ene S 


NX 


S 
N 


Pe is Wey 
350 
QzO 


alg 


8 


QM? 


G Serves 
Liguelactioe Fressité (7é 10 per 5G. l, GAGE 


aa 
cA 
Jae) 
ae 
Le I 
ee 
mea 
oe 
Beg 
ae 
re 
Waa 
PAE fl 
ea 
0 
Lai 
Pe 
ey 
ep 
ee 
ie bee 
Se 
a 
| 
=e 
ea 
FLUTEAMA! SHE 7G (UOP CAPAEV?PSE)— 


QS 


Rea iS 2a a = Bae 
QVEe 


Ze: 
BSAA 
OG ~~ Of# 


Corraersser loragée Per 3G. Tr 


NTRP 
aa 


2 


S 
HE 


=] 
om 
Va | 
a 


a: 

eA | 

Val 

== 
ie 
ee 
aa 
| 
ee 
Cae 
A 
es: | 
a. 

Q// 


(ote) 
Rai 
rh 


easel 
Comedies: 
Lee 
cee 
Z 
Ae 
Zee 
eet 
eae 


a v 
v t a 8 yi Ni N 
S S Bee | S S |S S 
| ee Led ve ia Cl HALL) APSHADBHAD 
A) 
3 : aeee bees eee 
a Ne 
L632 2A 22 ceed eve i il oS el car AAP AE) RO CE Se Pa ee eee ee 


Fig. 12. Perrormance CuHart ror G Series or HorizontaL SHELL-AND-T uBE CONDENSER TESTS 


| HE Ha 
i ert Ce 


paramo 


orn sae 


f.. 


(a 
( 
i 


50. aaa 


i 


HEAT TRANSFER IN AMMONIA CONDENSERS PHF 


In order to compare the friction pressure losses occurring under 
the conditions of service established for the different series of tests 
with the coefficients of heat transfer obtained under these same con- 
ditions, the curves for total friction pressure loss have also been shown 
in Fig. 9. Since for a given volume of water circulated per minute per 
square foot of surface the water velocity would be the same for the 
two shells in parallel as for the single shell, the pressure loss per shell 
would also be the same. Also, in the case of the parallel arrangement, 
the total pressure required to circulate the water through the con- 
denser as a whole would be the same as the friction pressure loss 
per shell. Therefore, when compared on the basis of water circulated 
per minute per square foot of surface the same curve would represent 
the total friction pressure loss for the F, G, H, and I series. 

In the case of the J series, since a given volume of water circulated 
per minute per square foot of surface represents twice the water 
velocity obtained for the F, G, H, and I series under the same con- 
ditions, the friction pressure loss per shell would be four times as 
great. Furthermore, since the two shells were used in series, the total 
pressure required to circulate the water would be twice the friction 
pressure loss per shell. Hence, for a given volume of water circulated 
per minute per square foot of surface, the total friction pressure loss 
for the J series, as shown in Fig. 9, was eight times the corresponding 
friction pressure loss for the F, G, H, and I series. Thus it is evident 
that, although-the coefficient of heat transfer and total capacity of the 
condenser for a given amount of water circulated may be materially 
increased by connecting the two shells in series instead of in parallel, 
this increase is necessarily accompanied by a corresponding increase 
in the power required to circulate the water. 


15. Performance Charts.—Figures 11, 12, and 13 consist of per- 
formance charts representing the relations between all of the various 
factors affecting the performance of the condenser over the range of 
the tests. These charts are shown for the three condenser pressures 
used, and for the standard arrangement only, in which the two shells 
were connected in parallel. 


16. Effect of Fouled Tubes.—The results of the GX series, run for 
the purpose of determining the rate of fouling of the tubes, are shown 
in Fig. 14. The water used was deep well water which contained a 
high percentage of iron bicarbonate, and the deposit of ferric hy- 
.droxide that formed was more of the nature of a soft sludge than of a 
true scale. The effect of this sludge was to cause a gradual decrease 
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in the coefficient of heat transfer and a corresponding decrease in the 
temperature of the water required to maintain a constant tonnage 
with a given water rate and condenser pressure. 

At each of the water velocities used the first layers of scale formed 
during the first two to four hours of the run had the most marked 
effect on the heat transfer, as indicated by the rapid decrease in the 
coefficient of heat transfer shown in Fig. 14. After approximately 
five hours of running the effect of the scale formation became very 
much less, and also became practically the same for the two water 
velocities. 

It was not found possible to obtain consistent results when tests 
were run during the first four hours after the tubes had been cleaned. 
The effect of the formation of foreign film during the first four hours 
of running was regarded as probably being characteristic, independent 
of the nature of the water used, and the condition of the tubes at this 
time was considered as commercially clean. The tests for all series 
were, therefore, started at the end of a four-hour period, and testing 
was never continued beyond six hours from this time before the tubes 
were again cleaned. 

Test XF was run with excessively fouled tubes, and the difference 
between the ammonia saturation temperature and that of the water 
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for successive distances along the tubes is shown in Fig. 15. The same 
data are shown for test 6F, which was run under the same conditions 
with clean tubes, and for test YF which was run after cleaning the 
tubes. These curves indicate that it was possible to duplicate tests 
on clean tubes, and that erratic results and materially greater tem- 
perature differences would be obtained with fouled tubes. 

The added drop in temperature resulting from the resistance of 
the scale is shown diagrammatically in Fig. 16. The temperature 
drops in this figure were computed by the method outlined in Section 
21, and it is evident that the additional temperature drop through the 
scale in the case of test XF was approximately 50 per cent of the total 
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temperature drop from the saturated ammonia to the water through 
the clean tube in test YF. Further discussion of the coefficients of 
heat transfer as affected by fouled tubes is given in Section 22. 


17. Comparison of Performance of Four Types of Condensers.—The 
investigation of heat transfer in ammonia condensers has included 
four different types of condensers, namely, the atmospheric-bleeder, 
the double-pipe, the vertical shell-and-tube, and the horizontal shell- 
and-tube or multitube-multipass. Taking into consideration modi- 
fications made in the arrangement of condensing surfaces for purposes 
of special tests, the total amount of condensing surface has varied 
from 92 to 251 sq. ft. Under given conditions, the total tonnage 
developed has been determined largely by the total condensing sur- 
face, and comparisons involving total tonnage are therefore of prac- 
tically no value. Such comparisons must be made on the basis of 
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unit values, or of tonnage per square foot and water circulated per 
minute per square foot of condensing surface. 

In order to compare the performance of the four types of con- 
densers on a unit basis the curves for the multitube-multipass con- 
denser have been superimposed on similar curves for the other types, 
which have been transferred from Bulletins Nos. 171 and 186. These 
curves for an initial water temperature of 68 deg. F. are shown in 
Fig. 17, and it is evident that, including water rates up to 0.31 gal. 
per min. per sq. ft., they all lie within a comparatively narrow band, 
the maximum width of which does not exceed 16 per cent of the mean 
value of the tonnage per square foot for the given unit water rate. 
It is therefore possible to represent the mean tonnage for all of the 
condensers tested by a single line. The actual tonnage per square foot 
developed by any one of the condensers did not deviate by more than 
8 per cent from the value read from this line at a corresponding unit 
water rate. This procedure was also found valid for initial water 
temperatures other than 68 deg. F. The mean curves so determined 
for four different initial water temperatures are shown in Fig. 18. 

The curves in Fig. 18 apparently indicate that, in so far as the 
condensers tested are concerned, the tonnage per square foot for a 
given amount of water circulated per minute per square foot is a 
figure of more practical value than the mean coefficient of heat trans- 
fer, since the latter varies widely with different conditions and with 
different arrangements of condensing surface, while the former can 
be represented by a set of mean curves, the deviations from which do 
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not exceed approximately 8 per cent over the range of conditions | 
under which the tests were run. 


V. APPLICATION OF GENERAL EQUATIONS FOR Hreat FLow 


18. Flow Through Resistances in Series.—By direct application of | 
the principles involved in the film concept of heat flow through 
several resistances in series, the equation for the flow of heat through 
the resistance offered by the ammonia film, the tube, and the water | 
film, in the case of a condenser with clean tubes, may be written 


1 A il Xt 1 
Rady 0,Age 1 Agee Gada t (1) 


in which K = overall coefficient of heat transmission, based on area 
of condensing surface, B.t.u. per sq. ft. per degree 
temperature difference between the ammonia vapor 
and the water per hour. 

k, = conductivity of the metal tubes, B.t.u. per sq. ft. per 
degree temperature difference between the outside 
and inside surfaces of the tubes per ft. of tube thick- 
ness per hour. 
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Ca = conductance of the ammonia film, based on the area 
of the film, or the outside area of the tubes, and the 
actual thickness of film, B.t.u. persq. ft. per degree 
temperature difference between the ammonia vapor 
and the outside surface of the tube per hour. 

Cy = conductance of the water film, based on the area of 
the film, or the znszde area of the tubes, and the actual 
thickness of film, B.t.u. per sq. ft. per degree tem- 
perature difference between the inside surface of the 
tube and the water per hour. 

A, = area of the outside surface of the tubes, sq. ft. 

area of the inside surface of the tubes, sq. ft. 

mean of the areas of the outside and inside surfaces 

of the tubes, sq. ft. 

x; = thickness of tube wall, in ft. 


Sis 
Ni 


Equation (1) may be written in terms of the area of the condensing 
surface as follows: 


1 1 Xt 2d, 1 do D) 
Tota OM AEA Gt | cv mes (2) 


in which d, = outside diameter of tubes, ft. 
d; = inside diameter of tubes, ft. 


From Equation (2) 


Beer ae eye 3 
eee an d; + do TCs d; (3) 


The terms in Equation (3) now represent the total resistance to heat 
flow, the resistance of the ammonia film, the resistance of the clean 
tubes, and the resistance of the water film, respectively, all expressed 
as functions of the area of the condensing surface. 

Since it is customary to use condensing surface, or the surface in 
contact with ammonia vapor, as the reference surface in making all 
condenser computations, it will be convenient to use a virtual con- 
ductance for the water film C’,,, which may be defined as the conduc- 
tance of the water film, based on condensing surface in B.t.u. per 
sq. ft. of condensing surface per degree temperature difference be- 
tween the inside surface of the tubes and the water per hour. Then, 


Che = Call; (4) 
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Equation (3) then becomes 
1 1 i 2d. il il 
= 6 ) 

K peta teerd Bas 52) 


From Equation (6) it is evident that if the resistances of the tubes 
and ammonia film are assumed to be constant, and if the resistance of 


1 I! 
the water film, is some function 7 of the water velocity v, a plot | 


Cw f(r) 
1 : 1 ; bs shee ; , 
of K 38 ordinates against jo) as abscissas will give a straight line. 
This form of plot was proposed by Wilson,* and has since been used_ || 
by Haslam, Ryan, and Weber,t and by McAdams, Sherwood, and 1! 
Turner{ in evaluating the resistance of liquid films. These investi- 
gators have shown that for turbulent flow inside of tubes 


1 : 
i > 9998 (7) 


in which a is a constant depending on the dimensions of the apparatus 
used. 
Substituting the value of C,, from Equation (5) and combining 


a d; : ; 
4 into a single constant b 


Ges ~ b y08 (8) 


in which 6 is also a constant depending on the dimensions of the ap- 
paratus used, and represents the slope of the line obtained by plotting 


1 
the observed values of ; 


ft 
A plot of the observed values of K against the observed values of 


1 
p08 obtained from the four series of tests, F, G, H, and I, is shown in 


ae E. Wilson, Trans. A.S.M.E., Vol. 37, 1915, p. 47. 
1028, f ; 2 Haslam, W. P. Ryan, and H. ©. "Weber, vTadastrial and Engineering Chemistry, Vol. 15; 
fW. H. McAdams, T. K. Sherwood, and R. F. Turner, Trans. A.S.M.E., Vol. 48, 1926, p. 1233. 
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Fic. 19. OsseRvVED AND CALCULATED COEFFICIENTS OF Hrat TRANSFER 
FOR CLEAN TUBES 


Fig. 19. The points for the J series practically coincide with the ones 
shown, but have been omitted in order to avoid confusion. It was 
found by trial that the individual points representing the data de- 
viated least from a straight line when the exponent 0.8 was used for v. 
Hence the performance of the multitube-multipass condenser is con- 
sistent with the performance of the apparatus used by the investi- 
gators cited, in that the resistance of the water film varies as the re- 
ciprocal of the 0.8 power of the water velocity. 


1 
Inspection of Equation (6) indicates that when ra is zero, the 


i 
intercept K is the sum of the resistances of the ammonia film and of 
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the clean tube. Furthermore, if these two resistances are assumed to 
remain constant over the range of the tests, a line drawn through the 


1 
origin parallel to the line representing Ror clean tubes will represent 


1 ' ; 
the resistance of the water film a based on a unit of condensing 


surface. 


19. Resistance of Ammonia Film.—If the conductivity of the 
metal in the tube is known, the conductance of the ammonia film may 


1 
be calculated by making G7 2e70, and substituting the value of the 


il : 
intercept for K in Equation (6). In the case of the tests under dis- 


cussion, the intercept, from Fig. 19, is 0.00085, the outside diameter 
of the tubes was 0.1667 ft., the inside diameter 0.1508 ft., and the 
thickness of tubes 0.00795 ft. The tubes were made of charcoal iron 
and the conductivity k, was taken as 34.9.* Substituting in Equa- 
tion (6) 

0.00795 X 2 X 0.1667 


1 
0.00085 = G +349 x (0.1667 +t 0.1508) 


Ca 
C. = 1635. ° 


The value, 1635, thus found is somewhat higher than the value 
952 deduced by Sherwood} for vertical shell and tube condensers. 
Sherwood based his computations on a conductivity of 25 for the 
metal tube. If this value were used in the present computations a 
value of 1940 for C, would result. In both cases the effect of scale or 
rust on the tube has been neglected. If the scale were taken into con- 
sideration the effect would be to increase the calculated value of C,. 
The presence of a greater amount of scale in the condensers investi- 
gated by Sherwood than in the one used on the tests under discussion 
might serve as a possible explanation of the difference in the values 
of C. observed, since the greater scale resistance would cause a pro- 
portionally larger reduction in the value of C, for the vertical shell and 
tube condenser. However, it is not probable that this would account 
for so large a difference. The tests on the vertical shell and tube con- 
densers included in Sherwood’s analysis were run under somewhat 
different conditions than the ones on the multitube-multipass con- 


*Mark’s Handbook, p. 303. 
{T. K. Sherwood, Refrigerating Engineering, Vol. 13, No. 8, February, 1927, p. 253. 
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denser, in that in the former the superheat was removed in the con- 
denser itself, while in the latter a separate superheat remover was 
used. Hence, the average conductance determined by Sherwood 
included that of the gas film in the superheated region. The conduc- 
tance of the superheated gas film would be lower than that for satur- 
ated vapor or liquid film, and the average conductance would be lower 
than the average determined under conditions where the whole con- 
denser contained saturated vapor only. Therefore, it seems reason- 
able that the value 1635 is more representative of the conductance 
of the saturated ammonia film than the value 952. 


20. Resistance of Water Film.—The resistance of the water film 
per square foot of condensing surface is shown in Fig. 19 by the solid 
1 
line, on? which passes through the origin. The conductance of the 
water film per square foot of condensing surface may be calculated 
from this line, or from the empirical equation representing it. 


Cy = 211 09-8 (9) 


The idea that heat is transmitted from a flowing fluid to a surface 
by conduction through a stationary film of the fluid at the surface, 
and that the thickness of this film, and hence the rate of heat con- 
duction through it, is some function of the frictional resistance at the 
surface, probably originated with Osborne Reynolds. This theory 
has been extended by Major C. I. Taylor,* T. E. Stanton, J. R. 
Pannell, and a number of other investigators. 

Since the frictional resistance is a function of linear velocity, 

~density, and viscosity of the liquid, and inside diameter of the tube, 


Kw 
and C, = Re Rice,} and McAdams and Frost{ have shown by the 


principle of dimensional analysis that 


kw dvp ud 
Cu=7 ( ) (10) 
i Mb 


in which C,, = conductance of a water film of thickness zy, B.t.u. per 
hr. per deg. F. per sq. ft. of water surface of the tube. 
k.» = conductivity of water, B.t.u. per hr. per sq. ft. per 
deg. F. per ft. of thickness. 
2 ‘British Advisory Commitee for Aeronautics, Reports and wemiore nds, Nos. 243 and 272. 


{C. W. Rice, Indus. & Eng. Chem., Vol. 16, No. 5, May, 1924, p. 460. 
IW. H. McAdame and T. H. Frost, Indus. & Eng. Chem., Vol. 14, No. 12, December, 1922, p. 1101. 
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d; = inside diameter of tube, ft. 
v = velocity of water, ft. per sec. 
p = density of water, lb. per cu. ft. 
absolute viscosity of water at the mean temperature 
of the film, lb. per ft. per sec. 

By making use of these principles, and introducing a factor to 
correct for entrance conditions, McAdams and Frost* have deduced 


the equation 
eee (11) 
ha d; ap r co) m 


in which N = number of inside tube diameters to be added to the 
actual length of tube expressed in diameters, to obtain 
the effective length for heat transfer. 

ratio of actual tube length to actual inside diameter. 


| 


I 


r 


; : é 3 KR, 
The ratio of the absolute viscosity to the density ss is defined as 


the kinematic viscosity. By letting » = the kinematic viscosity in 
sq. ft. per sec., Equation (11) may be written 


eee *) div\" | 
opel tees ole (12) 


In order to evaluate N and to determine the nature of the function 
d; Vv 


Vv 


McAdams and Frost, using the data of Stanton,t Webster,t 


Cols dw 
and Bray and Sayler,§ plotted |], against ~~. These curves have 


been replotted to conform to the units used in this paper, and are 
shown in Fig. 20. Since the average slope of the straight lines shown 


: ye a div, 
is 0.8, it is evident that eau Equation (12) must also have the 


Cid ml N dw 0.8 
ea: A Geos r}J\ » (13) 


where ¢ is some constant to be determined from the experimental 
data. 


*W. H. McAdams and T. H. Frost, Refrigerating Engi i 1. 

{T. E. Stanton, Phil. Trans. Vol. 190A, 1897, p.67, ee ee SE ee 
tWebster, Trans. Inst. Eng. and Shipbuilders in Scotland, Vol. 57, p. 58. 

§Bray and Sayler, Undergraduate Thesis, Mass. Inst. Tech. 


exponent 0.8, or 
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The entrance conditions have considerable influence on the fric- 
tion for some distance along the tube. The thickness of film, and 
hence the conductance, is also a function of the frictional resistance at 
the surface. It therefore appears reasonable that with comparatively 
smooth tubes the ratio of tube length to tube diameter r would be a 
factor largely determining the location of the different curves as 
shown in Fig. 20. This effect may be analyzed by plotting the values 
Cod 


dw 
ke for some constant value of is against the corresponding 


of 


1 dw 
values of a This has been done as indicated in Fig. 21 for Salon 


12 380. This line conforms to the one made use of by McAdams and 
Frost* in their analysis, and has been drawn in the same location 
relative to the plotted points. The equation of this line is 


*Loc. cit. 
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is 9 50 
ae Cee (14) 


Substituting the value 12 380 in Equation (13) and solving Equations 
N 
(18) and (14) for ¢{ 1 + a 


N 50 
¢\ 1+ a bx 0.02695 | 1 + =e (15) 
Equation (13) may now be written 
ee 0.02695 ky ; 50\ ( div \°* 


Equation (16) may be used to predict the conductance of the water 
film based on the area of the water side of the tube. If the value of 
C’» is now substituted from Equation (5), Equation (16) becomes 


cr 9202695 Iw (50) (dws 
20) do ai r y (17) 
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Fig. 22. Kinematic Viscosiry oF WATER FOR DIFFERENT 
Water TEMPERATURES 


Equation (17) may be used to predict the conductance of the water 
film based on the condensing surface, or the outside area of the tubes, 
provided that correct values are assigned to v and r. 


21. Application of Equations to Test Results For Commercially 
Clean Tubes.—In order to apply Equation (17) to a practical problem 
in the design of a condenser, it would first be necessary to obtain r 
from the probable dimensions of the condenser, and then to assume 
an allowable mean temperature for the water. The drop in tem- 
perature through the ammonia film and tube could then be calculated 
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and the temperature of the water film assumed to be midway between 
that of the water surface of the tubes and the mean temperature of 
the water. The value of » could then be obtained from a curve 
similar to the one shown in Fig. 22,* and the coefficient of heat trans- 
fer for a given water velocity, or the water velocity required for a 
given coefficient of heat transfer, could be calculated. 

In the case of the tests on the multitube-multipass condenser, 
the data for calculating the temperature of the water film were avail- 
able, and it was desired to determine the applicability of Equation 
(17) to the actual test results by first calculating the values of C’, and 
then adding the constant value, 0.00085, of the intercept in Fig. 19 


1 
to the calculated values of Co” to obtain the calculated or predicted 


it 
values of K : 


Let t, = temperature of the saturated ammonia, deg. F. 
t» = mean temperature of water film, deg. F. 
6m = mean temperature difference between saturated ammonia 
and water in the tube, deg. F. 
6. = mean temperature drop through ammonia film, deg. F. 
6: = mean temperature drop through tube wall, deg. F. 
6. = mean temperature drop through water film, deg. F. 


*Hitte, Landolt, and Bérnstein Physical-Chemical Tables. 
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Then, from Fig. 23, 


Oe = Om — (8a + 6) (18) 

foieeat = 

Wak OS, oan Om — 2 (19) 
On + Oa —- Ot 

ty = ty — (et Rte (20) 


The total heat transfer may be calculated from the heat given up by 
the ammonia 
H = 60 W (” — 7’) (21) 


in which H = heat transferred from the ammonia to the water, 
B.t.u. per hour. 
W = ammonia condensed, lb. per min. 
i” = heat content of dry saturated ammonia vapor at the 
temperature of liquefaction in the condenser, B.t.u. 
per lb. 
heat content of the liquid ammonia at the temperature 
of the liquid leaving the condenser, B.t.u. per lb. 


>. 
I 


The temperature drop through the ammonia film may be cal- 
culated from 


Oa =< (22) 


or substituting from Equation (21), and using the value C, = 1635 
as determined from the intercept in Fig. 19 


60W (2” —7’) (23) 
Ge 162355495..8 
The temperature drop through the tube may be calculated from 


Hx, 0.00795 X 60 W (i" — 4”) 
ets 34.9 X 89.5 


(24) 


Since the liquid leaving the condenser was at the same temper- 
ature as the saturated ammonia, sufficient data are given in Table 1 
to permit the calculation of the mean temperature of the water film 


44 ILLINOIS ENGINEERING EXPERIMENT STATION 


from Equations (24), (23), and (20). This has been done for each 
test and the results are also given in Table 1. 


50 . : 
The correction factor, s0.9(1 +2) which was obtained in 


Equation (14) to correct for entrance conditions, was derived from 
investigations on single straight tubes. Just what effect the arrange- 
ment of tubes in the multitube-multipass condenser would have on 
this correction factor is somewhat problematical. In the final an- 
alysis, therefore, the application of Equation (17) to the results ob- 
tained on these tests must be regarded as a test of the validity of this 
correction factor as applied to a commercial condenser of the type 
tested. In the present case the value of r was obtained from the 
following considerations: Since the two shells were connected in 
parallel, the friction pressure losses, and hence the entry conditions, 
for the condenser as a whole were identical with those for a single 
shell. In a single shell the water passed through the seven tubes in 
series, and the seven tubes were regarded as a single tube with length 
7l, having the equivalent of seven entry losses. The ratio r for a 


0.151 


N 
single tube would be = 85, and the factor | was regarded as 


NEOUS nee 50. 
7X 85 7 95? Which wou d conform to the ps Equation (17). 


From the film temperatures given in Table 1 it is possible to 
obtain three separate curves for the calculated values of C’,, one for 
each of the three condenser pressures, 125, 150, and 175 lb. per sq. in. 
gage. However, since the points representing the observed values of 


1 
K in Fig. 19 did not appear to be arranged in separate bands corres- 


ponding to the three condenser pressures, a single line representing 


1 
the composite values of K was drawn. It is probable that with in- 


creased condenser pressures a corresponding decrease in the conduc- 
tance of the ammonia film occurs to offset the normally increased 
conductance of the water film resulting from the higher mean tem- 
peratures of the water for a given water velocity. Hence, the effect 
of increased temperature observed in the calculated values of C’,, 


would not be reflected in the observed values of K ore . This could 


not be accounted for in the present calculations, because the values of 


x% were obtained by adding the fixed intercept 0.00085, representing 
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the resistance of the commercially clean tubes and ammonia film, to 


the calculated values of For this reason the water film temper- 


Coe 
achat 1 

atures given in Table 1 were averaged, and the average value — = 
Vv 


105 600 read from the curve in Fig. 22, corresponding to the average 
temperature 78.1 deg. F., was substituted in Equation (17) in order 


3 ; 1 
to obtain the single average curve o” (calculated), which is shown as 


a broken line in Fig. 19. Also, a constant value of 0.329 B.t.u. per hr. 
per sq. ft. per deg. F. per ft. of thickness was used for k,. 
Substitution in Equation (17) gives 


po 0.02695 X 0.3829 tee 50 ais 
o = 0.1667 85 (105 600 X 0.1508 v)°- 
Therefore, Cae OA e:2 (25) 


1 
This line has been shown as ro (calculated) in Fig. 19, and the 
equation may be compared with that of the observed line given in 
Equation (9). 


] 
The line K (calculated) in Fig. 19 was obtained by adding the 
intercept 0.00085 to the values calculated from Equation (25), and 


1 
it may be observed that it also represents the observed values of K 


with a fair degree of accuracy. 

It has been indicated that any uncertainty in the application of 
Equation (17) to commercial condensers lies in the evaluation of the 
ratio r, and the fact that the correction factor for entrance conditions 
was obtained from a consideration of data obtained on single straight 
tubes with one entry loss as shown in Fig. 21. The points represent- 
ing the data show considerable deviations from the line drawn, and 
the line so drawn has been made to conform to the one used by 
McAdams and Frost* in order that the final Equation (17) might 
conform to the one deduced by them. 

If it is assumed that the resistances of the ammonia film and the 
tube wall remain practically constant over the whole range, and that 
the line a (observed) in Fig. 19 is a correct representation of the 


*Loc. cit. 
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1 
observed values of Cc" 
Gaede dw ' ; . 
ing values of rss and ~~ may be calculated, and, a line representing | 
these tests drawn as shown in Fig. 20. From this line another point, | 
as shown in Fig. 21, may be derived. A line drawn through this point | 


for the University of Illinois tests, correspond- | 


would represent the composite data almost as well as the line that was |_ 


used. Under these conditions a new value for the correction factor | 

N . an 
(1 + *) given in Equation (13), could be derived, and by using | 
this factor in Equation (17) the line representing the calculated values | 


1 : We 
of K in Fig. 19 could have been made identical with the one represent- |) 


1 , . 
ing the observed values of K: It has not been considered advisable, | 


however, to derive a new correction factor and rewrite Equation (17), |) 
for the reason that, while it might be representative of tests on the |) 
multitube-multipass condenser used, the data obtained from one size 
of condenser are not sufficient to draw the conclusion that the cor- 
rection factor so derived would be representative of the multitube- | 
multipass type as a whole. The equation, as it exists in the literature | 
at present, although not based on data including this type, represents |) 
the results within limits of about 10 per cent, which is probably an > 
acceptable degree of accuracy for the practical purposes of condenser 
design. However, the analysis does indicate the advisability of more | 
fundamental work being done using tube arrangements corresponding | 
to those found in commercial types of condensers in order to establish 
relations similar to those shown in Fig. 21, from which correction | 
factors strictly applicable to the various types may be derived. | 


22. Application of Equations to Test Results for Fouled Tubes.— — 
The results of the GX series of tests indicating the relation between _ 
the values of K and the rate at which scale formed on the tubes are 
shown in Fig. 14. 


In the case of fouled tubes Equation (6) must be modified by | 


1 | 
adding a term, on? the conductance of the scale based on area of | 


condensing surface. In this case the intercept will represent the sum — 
of the resistances of the ammonia film, the tube wall, and the scale. 
Hence, if the line for commercially clean tubes has been determined as _ 
in Fig. 19, the resistance of the scale may be found by drawing a line 
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QZ0 O4O 260 Vad 100 420 L4O 


Fic. 24. OBSERVED AND CALCULATED COEFFICIENTS OF Heat TRANSFER 
FoR FouLep TUBES 


a 
through some value of KR? determined from the fouled tubes, and 


1 
parallel to the line for K for the clean tubes. The difference between 


1 
the intercepts will be Cr: 

In Fig. 24 the line for commercially clean tubes shown in Fig. 19 
has been reproduced. After 16 hours of continuous running with 
331 lb. of water per min., or a water velocity of 2.48 ft. per sec., the 
value of K from Fig. 14 is 274 B.t.u. per sq. ft. per deg. F. per hr. 
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1 1 paae 
The corresponding values of K and 508 have been plotted in Fig. 24, | 


1 } 
and the line i for foul tubes has been drawn parallel to the one for |_ 


clean tubes. The difference in intercepts is 0.00135 — 0.00085 = | 


0.0005. Hence the conductance of the scale, C’., after 16 hours of |) 


running, was 2000 B.t.u. per sq. ft. of condensing surface per deg. F. |) 
per hr. | 
When 209 lb. of water per min. were circulated the velocity was | 


1 il 
1.56 ft. per sec. and 73 = 0.701. The corresponding value of & read | 


from the curve in Fig. 24 is 0.00467, or K = 214. This point on the | 
curve for 209 lb. of water per min. in Fig. 14 would give the number of 
hours necessary to run at this rate in order to build up a scale resis- 


1 
tance of 2000 corresponding to that obtained at the 331 lb. rate after 


16 hours of running. The time thus obtained is 9.2 hours. These two 
points have been connected with the line marked ‘‘Scale Resistance = 


1 


3000 Fig. 14. 


Test XF in Table 1 was run when the tubes had a comparatively 
thick deposit of scale, while test YF was run under the same condi- 
tions of load and water velocity, but with clean tubes. For test XF, 


1 i 
iis 0.532, and | = 0.00535. This point has also been plotted in 


1 
Fig. 24, and the line K for very fouled tubes has been drawn parallel — 


to the one for clean tubes. The difference in intercepts is 0.00275 — 
0.00085 = 0.00190. Hence C’, for the very fouled tubes is 527 as 
compared to 2000 for tubes only moderately fouled. 


VI. CoNncLUSsIONS 


23. Conclusions.—The following conclusions may be drawn from 
this investigation, subject to such limitations as may be imposed by 
the range covered, and by the conditions specifically stated under 
which the tests were run: 

(1) For a given initial water temperature and given weight of 
cooling water per minute the increase in total tonnage is directly 
proportional to the increase in condenser pressure expressed in lb. per 
sq. In. gage. 
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(2) The actual total capacity developed is governed by the 
amount of condensing surface, the limiting condenser pressure, the 
temperature of the water available, and the amount of water cir- 
culated. 

(3) For a given difference between the ammonia saturation tem- 
perature and the initial water temperature, the condenser pressure 
has no material effect on the total tonnage developed with a given 
weight of water circulated per minute. 

(4) For a given difference between the ammonia saturation tem- 
perature and the initial water temperature, the increase in tonnage 
developed is directly proportional to the increase in weight of cooling 
water circulated per minute. 

(5) For given water velocities through the condenser tubes, lower 
values are obtained for the coefficients of heat transfer when the two 
identical shells of the condenser are connected in series than when 
they are connected in parallel. 

(6) The most effective arrangement for condensing surface is one 
in which the water travel is comparatively short, and which offers a 
large area for the action of the coldest water near the point of entry. 

(7) For a given weight of water circulated per minute per square 
foot a higher value for the coefficient of heat transfer and for the total 
tonnage developed is obtained when the two identical shells of the 
condenser are connected in series, than when they are connected in 
parallel, but these higher values are accompanied by greatly increased 
friction pressure losses, and hence increased power is required to cir- 
culate the cooling water. 

(8) The decrease in the heat transmission caused by fouling of the 

~tubes was very marked during the first four hours of running subse- 
quent to cleaning. At the end of this time the effect of scale formation 
materially decreased and the rate of heat transfer became practically 
constant over a wide range of water rates. 

(9) For a given tonnage developed and a given water rate fouling 
of the tubes results in greatly increased temperature differences be- 
tween the saturated ammonia and the cooling water, and in greatly 
reduced coefficients of heat transfer. 

(10) For a given initial water temperature the condenser tonnages 
developed per square foot of condensing surface over a range of 
volumes of water circulated per minute per square foot can be rep- 
resented by a mean curve, with deviations not exceeding 8 per cent 
for any of the condensers tested. It is possible that these curves may 
be of more practical value than those for mean coefficients of heat 


transfer. 
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(11) The general equations, now existing in the literature, for heat | 
flow in condensers may be used within limits of 10 per cent to predict | 


the coefficients of heat transfer obtained for the multitube-multipass Wh 
ammonia condenser under the conditions and over the range of water | 


velocities used in these tests. 


(12) More fundamental work should be done with tube arrange- |) 


ments corresponding to those found in commercial types of condensers 
in order to establish factors in the equations to render them more 
generally and more strictly applicable to the various types. 
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